The selection of the lapse rate, , for glaciological purposes must be made with care because reported summertime on-ice ( measurements only on glacier surface), near-surface ( measurements made 2 m above the surface) lapse rates vary by nearly a factor of eight (Table A) .
Lapse rates in the free atmosphere are determined by atmospheric vertical mixing and moisture. However, surface lapse rates are controlled surface radiative transfer and by the near surface environment (surface albedo, roughness, topographic aspect, and local meteorological effects, e.g., Marshall and Sharp, 2007) . While the use of modern summer near-surface temperature lapse rates from the Front Range is likely more appropriate than the often-used 6.5 °C km -1 moist adiabatic lapse rate, modern environmental conditions obviously differ greatly from likely summer conditions on an LGM glacier (presence of ice, reduced roughness, different elevation and topography due to the presence of the glacier). We therefore used modern on-ice nearsurface temperature lapse rates to guide our uncertainty analysis. Table A shows that the most likely mean summer on-ice near surface lapse rate is 4.9 °C km -1 with a 1 value of 1.7 °C km -1 . Extreme mean values are 1.1 °C km -1 (Pasterze Glacier, Austria) and 7.9 °C km -1 (Greenland Ice Sheet). 
Section DR.2 Melt-factors
The melt factor, , employed in our ablation parameterization is a simplified form of the often used positive-degree-day model that relates mean summer temperatures to vertical surface mass loss. The melt factor  is converted from published positive-degree-day factors by assuming a melt season covering the months of June, July, and August (Table DR. 2). The selection of  must be made with care as positive degree-day factors for snow can vary by nearly a factor of ten, and for ice by a factor of six. We combine and supplement several previous compilations of snow and ice melt-factors for modern glaciers and mountainous regions. Howat et al. (2007) . It is important to note that our parameter combinations produce mass balance values that are reasonable for continental climates. 
Section DR.3 Discussion of terminal moraine assumptions
In order to support our assumption that terminal moraines can form during advances driven by interannual variability without long term terminus standstills (< 50 years; a time scale supported by flowline modeling (see Roe, 2011 Figure 4) ), we present a review of the moraine sedimentological literature (Table DR. 3), which shows that the majority of moraines with constrained formation periods form over periods less than 50 years. The development of a universal model for the timescale of moraine formation has been hampered by the complexity of formational processes, the abundance of unconstrainable variables and initial conditions. But it is important to note that all moraine formation timescales found in the literature were less than 50 years. The length of time needed to form terminal moraines is dependent on the process of formation and can be constrained only crudely. Ice marginal indicators are typically divided into glaciotectonic, push, hummocky, drop moraines, and ice-contact fans but composite moraines are common (Benn and Evans, 1998) . For the purposes of justifying the short timescale of ice marginal deposit formation (<50 years), we further divide the indicators into those that are independent of terminus standstills (glaciotectonic, push and hummocky moraines) and those that are dependent on terminus standstills (drop moraines and ice-contact fans). Note the dominance of push moraines in the table. The authors made no attempt to bias the type of moraines presented in this table. Rather more research has been focused on push moraines or push moraines are more common. We use the broad, continuum definition of push moraines used in Bennett (2001) . 
Moraines independent of glacial standstills
The most rapidly forming moraines require the propagation of debris in front of an advancing ice front (e.g. Krüger, 1995; Benediktsson, et al., 2010; Benediktsson et al., 2008; Boulton, 1986; Humlum, 1985) . Because the material is bulldozed or thrust in front of the glacier, the moraine can form during any advance and retreat cycle irrespective of time spent in standstill. The formation of glaciotectonic and push moraines is more dependent on the availability of sediment or permafrost in the foreland than it is on the glaciological conditions (Bennett, 2001) . Glaciotectonic Moraines are formed when the stress imposed by an advancing glacier excavates and elevates (associated with thrusting and folding) proglacial bedrock and/or quaternary sediments. Push Moraines are formed by the bulldozing of proglacial sediment and typically have steep proximal and gentle distal slopes. Advances over long distances can result in formation of a more extensive set of moraine ridges. Hummocky and ice-cored moraines form when heavily debris-covered ice is dynamically separated from an active, retreating glacier (Lyså and Lonne, 2001) . As these moraines are in place as soon as the ice is dynamically separated from the active glacier, all that remains is for the ice core to waste away. Ice-cored and hummocky moraines do not require a glacial standstill to form (Glassner and Hambrey, 2002; Johnson, 1972) and their identification in the moraine record implies that the moraine was emplaced instantaneously for the timescales of interest for this study.
Moraines dependent on glacial standstills
Latero-frontal fans and dump moraine sizes are dependent on the debris flux off the glacier and the length of time the glacier terminus remains stationary. A glacier that advances and retreats without a terminus standstill will not likely form an ice-contact fan or a dump moraine, although there are reported occurrences in the literature. One of these potential influences is thick supraglacial debris-cover, which can slow terminus oscillations and provide the debris fluxes to create large moraines. Ice-contact fans form by the coalescence of debris fans and glaciofluvial processes at the glacier terminus. Although latero-frontal fans can form over short periods and even in a single short-lived advance, these fans are typically on the order 10 meters in height whereas fans that limit subsequent ice advances are typically 100s of meters in height (Benn and Lukas, 2006; Benn and Evans, 1998) . Dump Moraines are formed by the delivery of supraglacial material derived from rockfall onto the glacier or the melt out of basal debris septa that flows or falls off the terminal ice slope. Paleoglacier valleys with large ice-contact fans (>100 m in height) or dump moraines should be treated with more caution than moraines that are independent of glacial standstills. Nearly all documented terminal moraine formation durations are less than 20 years (Table DR. 3). Further sedimentological and stratagraphic investigation of LGM terminal moraines is needed to constrain the importance of moraine formation timescale on paleoclimate reconstruction (e.g., Johnson and Gillam, 1995) .
Terminal moraines do not limit subsequent advances
We have assumed that the furthest length excursion from the mean glacier length forms the maximum terminal moraine. In effect, this requires that that previously formed moraines do not limit the extent of subsequent advances. The only moraine types that have been shown to limit subsequent advances are large latero-frontal moraines or scree aprons; these are common in tectonically active regions such as the Himalaya or the Andes. These moraines can become sufficiently massive to dam glacier ice and cause subsequent glacial advances to terminate at the same location (Lliboutry, 1977; Thorarinsson, 1956 ). This effect is especially apparent where large lateral moraines are deposited outside of cirques and steep valleys and are therefore less susceptible to paraglacial processes (Thorarinsson, 1956) . Cases where latero-terminal moraines could have limited ice extent are easily identifiable by the height and extent of the latero-frontal moraines. These situations are uncommon in LGM terminal moraines in the Western US.
Overridden terminal moraines are destroyed
Moraines can be overrun by subsequent advances and still be identifiable upon retreat (Karlén, 1973; Bennett et al., 2000) . Overrun moraines may be differentiated from moraines that haven't been overrun by their subdued topography compared to moraines down valley, the presence of fluted till overriding the moraine, and the presence of lateral continuations of the moraine that have not been overridden that exhibit a sharper morphology (Karlén, 1973) . Preservation of overrun moraines is rare and the potential for preservation depends on the local bedrock topography and the amount of time the overrun moraine is subjected to subglacial processes. An overrun moraine could potentially pose a problem for paleoclimatic or mean glacial length reconstruction only if a moraine is overrun and there is no indication of the maximum extent of the overriding glacier. The overrun moraine would then be interpreted as the maximum extent of the glacier for the time period of interest and could produce substantial error. This situation is unlikely for LGM moraines, as any overrun moraine would have been smoothed by the overriding glacier and then subjected to at least 10 thousand years of diffusional surface process that would further obliterate the morainal form.
Section DR 4. LGM moraine complexes
LGM 'terminal moraines' in the western US are often composed of a conglomeration of moraines formed during numerous glacier advances. We call these clusters of moraines, terminal moraine complexes keeping in mind that it is possible that these clusters of ridges were formed by a single advance and the individual moraines interpreted as terminal moraines are actually fault bend folds from a glaciotectonic push moraine. Below in figure B we present a LiDAR hillshade of the Teton Glacier LGM terminal moraine and our interpretation of distinct terminal moraines and the subjective limits of the terminal moraine complex. This hillshade allows us to define many more ice marginal features than possible without detailed field surveys. The terminal moraines defined in figure B are likely formed between the LGM mean length and the maximum terminal moraine (labeled 1) and are therefore likely candidates for moraines formed by glacier length fluctuations driven by interannual variability. Roe and O'Neal (2009) show that the relative sensitivity of a glacier's fluctuations to temperature vs. precipitation variability is given by:
DR.5 Relative sensitivity of length fluctuations due to temperature and precipitation variability
The R values for Front Range glaciers greater than 4 km 2 range between 2.2 and 2.9 with a mean of 2.5, suggesting that year-to-year variations in summer temperature were two to three times as important for driving length perturbations as were variations in annual precipitation. This dominant sensitivity to summertime temperature variation is expected in continental climates.
Section DR.6 Flowline model description
We follow standard equations for the shallow-ice-approximation incorporating glacier sliding (e.g., Oerlemans, 2001) :
where H(x) is ice thickness at position x, ˙ b (x) is the local net mass balance, F(x) is the depthintegrated ice flux,  is ice density, g is the acceleration due to gravity, dz s /dx is the local ice surface slope, 
Section DR.7 Model discussion
By exploring a very wide parameter space, we have constrained the effects of interannual variability on glacial length and moraine formation over extreme bounds. The range of parameter uncertainty could be better constrained by examining how the climate parameters vary in space from the LGM to the present. The most uncertain climate parameters, ,  P , and  T , could be better constrained by using atmospheric circulation model output, and better minimum estimates of D could be obtained by reducing the uncertainty in moraine-derived dates. It should also be determined if using higher order ice physics models changes the effects of interannual variability on glacier length, although we anticipate that parameter uncertainty will swamp any differences between models. In the climate forcing presented here, we have assumed that T and P are uncorrelated from year-to-year (white noise), as is generally the case for centennial-scale instrumental observations of T and P and glacier mass balance records (e.g., Burke and Roe, 2013); on longer time-scales, paleoclimate records show that a degree of persistence (correlation from year-to-year) does exist (e.g., Huybers and Curry, 2006) . Even a small degree of persistence can substantially increase the magnitude of fluctuations (e.g. Reichert et al., 2001) . For this reason and others outlined in Roe and O'Neal (2009) , we feel that our estimates of the fluctuation of glacier length about the mean length are conservative.
Section DR. 8 Explanation of Interannual Variability
Interannual climate variability refers to changes in the mean value of climate parameters (air temperature, precipitation, etc.) from year-to-year. Think of last year's mean summer temperature compared to this year's mean summer temperature (same can be done for total winter precipitation or annual precipitation). The variation from one year to the next is what we refer to as interannual variability. When long records of mean summer temperature (or annual precip) are tested for year-to-year correlation (if we have a warm summer relative to the long term mean this year are we more likely to have a warm summer next year?) there is little evidence of correlation (Burke and Roe, 2013) . Interannual records of summer temperature show very little or no correlation from one year to the next and are best represented as white noise (equal power at all frequencies). The change in weather from year-to-year is not considered a climate change so glacier fluctuations forced by interannual variability are independent of climate change.
